In recent decades, significant attention has been focused on developing composite materials with high thermal conductivity utilizing h-BN, which has outstanding thermal conductivity. However, the enhancement in thermal conductivity by using h-BN is commonly limited because of high thermal resistance between h-BN and polymer materials. Herein, we fabricated novel h-BN-RGO hybrids (h-BN-RGO), by electrostatic assembly between h-BN and GO. It is found that the addition of h-BN-RGO hybrids into epoxy resins can enhance the thermal conductivity. ). The epoxy resins/h-BN-RGO composites also exhibit an enhanced dielectric constant (11.12) and low loss tangents (0.05). The energy density of the composites reaches 0.51 J cm À3 in the composites with 26.04 vol%, which is 79.6% higher than that of the pure epoxy. We attribute the enhanced thermal conductivity to the well-designed h-BN-RGO interface as well as the good dispersion of BN-RGO hybrids in epoxy resin. The energy density is mainly due to the absorbed effect of RGO nanosheets at the BN surface and its good dispersion in comparison with pure BN. This work offers a new insight into the methods for the improvement of thermal conductivity and energy storage characteristics, which has potential applications in integrated circuit packaging and structural energy storage.
Introduction
Epoxy resins are used for electrical appliances and structural plastic materials due to their excellent physical and chemical properties.
1 With the development of increasing power densities in electronics, efficient thermal management has played an important role. However, epoxy resin has a low thermal conductivity of 0.2 W m À1 K À1 , which cannot meet the requirement of thermal management. One of the effective ways to enhance the thermal conductivity of epoxy matrix is introducing inorganic llers with high thermal conductivity.
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Among inorganic llers, electrically conductive llers such as graphite platelet, 13 carbon nanotubes, 14 and graphene sheets 15 have been widely used to dissipate the heat which electronic devices generate. However, those llers would change the insulating properties of the composites and cannot be suitable for fabricating high thermally conductive composites. In recent years, h-BN, which is known as a two-dimensional nanomaterial, has attracted more and more attention because of their many exceptional properties, particularly high thermal conductivity. 16 Traditionally, in order to reach the target thermal conductivity values (>1 W m À1 K À1 ), high loadings of thermal conducive llers (50-80 vol%) in polymers are indispensable. 17 However, high loadings of llers lead to heavyweight and expensive composites with inferior mechanical properties, which limits their potential in modern electronics. On the other hand, the enhancement in thermal conductivity by using h-BN as llers is commonly limited because of high thermal resistance between h-BN and polymer materials.
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Apart from thermal conductivity, the dielectric properties of composites such as dielectric constant, dielectric loss, breakdown strength, and energy density are also important for practical application. 19 It has been accepted that the interface between the llers and the polymer matrix is one of the most critical issues in the energy storage composites. 20 At the same time, the surface modication could improve the dispersion of the llers in the polymer matrix, which can enhance the energy density and energy efficiency of the composites. Herein, it is necessary to investigate the energy storage characteristics of the composites.
In our previous work, we fabricated boron nitride-graphene oxide hybrids and studied the effect of these hybrids on the thermal conductivity of epoxy resins. Herein, the boron nitridegraphene oxide hybrids were reduced to boron nitride-reduced graphene oxide hybrids. 21 Considering the reduced graphene oxide has higher thermal conductivity than that of graphene oxide, we expect the addition of boron nitride-reduced graphene oxide hybrids will further enhance the thermal conductivity of epoxy. In addition, it was reported that the RGO can improve the dispersion of the ller in epoxy resins and reduce the agglomeration and voids. 22 The h-BN-RGO/epoxy exhibited improved thermal conductivity, dielectric constant, breakdown strength and energy density. The thermal conductivity increased as the volume fraction of ller increased, and reached a maximum of 3.45 W m À1 K À1 when the loading of h-BN-RGO hybrids was 26.04 vol%. Meanwhile, the energy density storage of the composites was increased to 0.51 J cm À3 , which is 61.9%
higher than that of the neat epoxy matrix at the electric eld of 1000 kV cm À1 . Therefore, this hybrid is suitable for a wide spectrum of thermal management and energy storage applications.
Experimental

Materials
The h-BN powders ($2 mm, purity > 99%) were purchased from Denka Co., Ltd (Japan). Epoxy resins (epoxy equivalent weight: 165-175 g per equiv.) were provided by Dow Co., Ltd. Graphene oxide nanosheets (GO) was provided by Shanxi Institute of Coal Chemistry (Shanxi, China). Both curing agent and catalyst were obtained from Sigma-Aldrich. Hydrazine hydrate (H 4 N 2 $H 2 O) was obtained from Ling Feng Chemical Co, Ltd (Shanghai, China). 3-Aminopropyltriethoxysilane (APTES) was provided by J&K Scientic Co, Ltd (Beijing, China).
Preparation of h-BN-RGO
In a typical preparation, 10 g of h-BN powders, 190 mL of ethanol and 10 mL of H 2 O were stirred in a ask and ultrasonicated for 30 min. APTES (1 g) was then slowly added into the solution, which reuxed at 95 C for 36 h under a nitrogen atmosphere. Aer ltering and washing three times with deionized water, the solution was dried at 70 C under vacuum.
The functionalized h-BN (5 g) was added into the GO solution (100 mL) and they were then mild stirred for 2 h. The solution was stirred at 70 C for 5 h, aer 1 mL of hydrazine hydrate (80%) was added into it.
Preparation of h-BN-RGO/epoxy composites
Epoxy resins (cycloaliphatic epoxy; 3,4-epoxycyclohexylmethyl), curing agent (hexahydrophthalic anhydride) and catalyst (imidazole) with weight ratio of 100 : 100 : 1 was mixed together rstly. The h-BN-RGO hybrids was then added into the epoxy mixture, and mixed to get the uniform mixture. Finally, the mixture was soly poured into the mold, cured at 100 C for 3 h, and 120 C for 1.5 h.
Characterization
The morphology of h-BN-RGO particles was investigated by the transmission electron microscopy (TEM) using TEM-G2F30. For TEM measurements, samples were obtained by drop casting onto a grid of carbon and copper followed by solvent evaporation in air at 70 C. Atomic force microscopy (AFM) image of GO nanosheets was obtained in the tapping mode by using a Bruker Multimode 8 apparatus. The sample was prepared by dropping onto a silicon substrate and dried at 60 C aer it was dispersed in ethanol for 1.5 h in an ultrasonic bath. Wide-angle X-ray diffraction (XRD) was carried out with Shimadzu XRD-6000 using Cu K a radiation at an accelerated voltage of 40 kV and a current of 30 mA. Fourier-transform infrared (FTIR) spectra were recorded on a Bruker Vertex 70 spectrometer at room temperature over a frequency range of 4000-500 cm
À1
. Raman spectrum is obtained over the range 1000-2000 cm À1 using
Renishaw Invia Raman Microscope. The fracture morphology of h-BN-RGO/epoxy composites was observed using a Zeiss, Supra 55 eld-emission scanning electron microscope (SEM). The thermal conductivity (l) is described as the following equation:
where r is the density of the samples, C P is the specic heat capacity, and D is the thermal diffusivity. D of composites was measured by a non-contact laser ash method (LFA-467, Netzsch). The samples for the test were sprayed with a very thin layer of graphite powder at two sides, which were 12 mm in diameter and 1 mm in thickness. The values of C P were measured by DSC (Q20, TA instruments). The dielectric properties of the composites were recorded on an impedance analyzer (Agilent 4294A), and all the measurements were carried out in the frequency range of 10 3 to 10 6 Hz. The direct current breakdown strength (BDS) was tested using an Allwin dielectric strength tester (CS9912BX, Allwin Instrument Science and Technology co. Ltd, China). Electric displacement-electric eld (D-E) loops and leakage current measurements were investigated using a Precision multiferroic materials analyzer equipped with a Precision 10 kV single-channel high-voltage interface (Radiant Technology, Albuquerque, USA) and a high-voltage power amplier (model 609B, Terk, Lockport, USA). The measurements were carried out in a silicone oil bath to avoid electrical discharges that could happen in air. Zeta potentials of functionalized h-BN and GO were measured with a Malvern Zetasizer (Nano ZS 90).
Results and discussion
Characterization of h-BN-RGO hybrids
The h-BN-RGO hybrids were obtained from the chemical reduction of the electrostatically assembled h-BN-GO particles, as schematically shown in Fig. 1 . The surface charge state of h-BN was switched to positive aer the functionalization of amination, which will make h-BN have the ability to assemble with negative GO. 21 Both functionalized h-BN and GO can disperse well in water due to the hydrophilic groups. Aer the solution of h-BN and GO was mixed, the particles settled down to the bottom of beaker and turn from white to brown. This phenomenon indicated that the h-BN-GO hybrid was synthesized. The phenomenon is attributed to the opposite zeta potential. The zeta potential of the functionalized h-BN is 30.4 mV, while it is À26.7 mV for GO. Aer reduction using hydrazine hydrate, we can obtain the h-BN-RGO hybrids.
To observe the morphology and measure the thickness of RGO, AFM measurements were conducted, as shown in Fig. 2 . The thickness of RGO sheets is 2 nm, which conrms the single layer of RGO sheet.
To identify h-BN and RGO, the electronic properties of the vertically stacked of h-BN-RGO particles was investigated by electron energy-loss spectroscopy (EELS) using TEM-G2F30. Fig. 3(a) illustrates the TEM image of h-BN-RGO particles, which shows that the h-BN and RGO are electrostatically attached. Fig. 4(b) and (c) are EEL spectra from areas 1 and 2 in Fig. 3(a) , respectively. In Fig. 3(b) , the spectra are essentially identical, exhibiting two main peaks at the energy-loss levels of about 190 eV and 405 eV. The spectrum in Fig. 3(c) shows only one peak at the energy-loss levels of about 285 eV. All the peaks of the B, N and C-K edge have been reported in the literature. 23 Therefore, the h-BN-RGO particles have been prepared successfully.
Raman spectroscopy is the fastest and non-destructive way to characterize structural damage in various carbon materials.
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Fig . 4 compares the Raman spectra of h-BN, GO, RGO and h-BN-RGO. It is observed that only an intense and sharp peak at 1368 cm À1 in the spectrum of h-BN-RGO, which is close to the characteristic Raman peak of bulk h-BN materials. 25 This peak should be attributed to the high frequency intralayer E 2g vibration mode of h-BN, which is in a good agreement with the previous reports. 26 It is clear that RGO shows G band at 1586 cm À1 , characteristic of C sp 2 in-plane vibration, and D band at 1352 cm À1 , characteristic of the defect carbon structure. 27 The spectra of h-BN-RGO hybrids exhibits two strong peaks at 1344 and 1589 cm 
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XRD patterns of h-BN, GO, RGO and h-BN-RGO are illustrated in Fig. 5 . All the peaks of h-BN are consistent with the standard h-BN peaks (JCPDS: 34-0421). Apparently, the surface modication did not change the crystal structure of h-BN. As shown in Fig. 5 , RGO shows a sharp diffraction peak 26.6 , corresponding to the graphitic face, while GO exhibits a broad respectively. However, the content of RGO in h-BN-RGO hybrids is extremely low, and thus, the peaks of RGO are very weak in the spectrum.
Properties of the h-BN-RGO/epoxy composites Fig. 7 shows the conductivities of the composite lms prepared. The results demonstrate that the thermal conductivity increases with the fraction of the llers consistently. Moreover, at the same ller concentration, h-BN-RGO leads to a higher thermal conductivity than pristine h-BN. As illustrated in Fig. 7 worth mentioning that the composites containing h-BN-RGO exhibit overall higher thermal conductivity than those containing h-BN llers. This is because the agglomeration of h-BN in the epoxy matrix blocks the effective heat transport along the composites. Moreover, the agglomeration produces serious phonon scattering among the contacts with the h-BN particles, which is similar to reports in the case of carbon nanotubes.
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Phonons, which are dened as quantized lattice vibrations, are believed to be the dominant carriers in heat dissipating in the composite materials. Phonon scattering, which is mainly owing to the defects and interface mismatch, plays a key role in thethermal conductivity. 6, 36 As shown in Fig. 8 , agglomeration and voids are observed, which results in increased phonon scattering, and thus showing a relatively low thermal conductivity. Table 1 summarizes previously reported thermal conductivity (K) for polymer composites with boron nitride (BN) llers, including microBN and nanoBN (nanoparticle, nanosheets, and nanotubes). The data indicate that the h-BN-RGO hybrid exhibits an excellent ability to improve the thermal conductivity of epoxy composite. Several theoretical models have been developed to predict the thermal conductivity of polymer composites. In this work, we used the Maxwell-Garnett effective medium approximation (EMA), which works well for f < 40% (ref. 45 and 46) to analyze our experimental results. The thermal conductivity of the epoxy composites are dened as eqn (2):
where K is the thermal conductivity of composite, K P and K m are thermal conductivity of the ller and matrix materials, f is the volume fraction, H is the thickness of ller ake and R B is the thermal boundary resistance. For h-BN-RGO/epoxy composites, the increase of thermal conductivity can be explained as follows. The effect of h-BN absorbing RGO promotes the dispersion of the llers and remove agglomeration and voids, and thus reduces the number of effective phonon scattering centers, which results in the enhancement of thermal conductivity. Fig. 9 shows the fracture morphology of h-BN-RGO/epoxy composite, in which the surface is much smoother than that of h-BN/epoxy, indicating good dispersion of the llers in epoxy matrix. It can be seen that aggregation and faults appear in h-BN/epoxy composites (marked arrows in Fig. 9(a) ) which indicates a relative weak interaction between the ller and epoxy. The improvement of thermal conductivity could be attributed to the bridge effect of the RGO absorbing among the llers, which is benecial to the formation of thermal conductive pathways. Furthermore, the strong interactions among llers could reduce the interface thermal resistance, leading to higher thermal conductivity.
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The effects of ller functionality and volume fraction on dielectric properties of h-BN-RGO/epoxy composites were examined. Fig. 10 shows the dependence of the dielectric constant and loss for the neat epoxy and h-BN-RGO composites on the frequency. As shown in Fig. 10(a) , the dielectric constant of the composites decreases with the increase of the frequency. The frequency dependence of h-BN-RGO/epoxy composites is related to the interfacial polarization. 49, 50 Since the RGO sheets have been reduced, the electrical conductivity is higher than GO sheets. Therefore, adding the RGO sheets increases electrical currents inside the composites, which results in a charge build up at the interface when an external voltage is applied.
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However, due to the relatively high dielectric constant of h-BN and RGO, the dielectric constants of composites increased slightly. For instance, the dielectric constant increases from 5.8 for 2.70 vol% to 9.2 for 18.45 vol%. It could be obviously observed that the dielectric loss of h-BN-RGO composites with different volume fraction decreased as the frequency increased from 1 kHz to 1 MHz, as illustrated in Fig. 10(b) . The result is due to the space charge polarization, which originates from the conductor-insulator interfaces. Note that adding more h-BN-RGO ller could result in an increase of the dielectric loss, and the dielectric loss of h-BN-RGO/epoxy composites keeps lower than 0.082 from 100 kHz to 1 MHz. In brief, the results indicate that the h-BN-RGO/epoxy composites have the potential in modern electronic devices requiring efficient heat transportation and an increased dielectric constant. It is well known that the breakdown strength is a key factor which determines the possible maximum energy densities of the composites. Fig. 11 shows the breakdown strength of h-BN/ epoxy and h-BN-RGO/epoxy composite as a function of volume fraction at room temperature. It can be seen that as the volume fraction increases, the breakdown strength values of the h-BN/ epoxy composites increases slightly. Meanwhile, the h-BN-RGO/epoxy composites with 2.7 vol% rises to a maximum of 44.77 MV m À1 and then gradually decreases to a minimum of 32.31 MV m À1 . For h-BN/epoxy composites, the reason of improvement is that the breakdown strength of h-BN is higher than that of epoxy. 52 On the other hand, the addition of increased amount of RGO results in the decreased electric insulation property of composites by tunneling effects. In addition, the RGO sheets can reduce the agglomerations of the llers and lead to a smaller distortions of the electrical eld. It should be mentioned that the breakdown strength of composites decreases as the concentration of the ller increases (>11.66 vol%), which makes it difficult to achieve the polarization values of the composites under high electric eld. Fig. 12 presents the electric displacement-electric eld (D-E) loops of the composites at a eld of 1000 kV cm À1 with a frequency of 100 Hz. The maximum electric displacement of pure epoxy is 0.42 mC cm À2 . With the increasing of the ller contents, the maximum electric displacement increases and obtains 0.62 mC cm À2 for the h-BN-RGO/epoxy composites with 26.04 vol%. From the gure, it can be seen that the maximum electric displacement of the composites increases as the volume fraction of llers increases. The electric displacement is described as the following formula:
where 3 0 and 3 r are permittivity of vacuum and dielectric constant of the composites, respectively. Therefore, the increased electric displacement is attributed to the increase of dielectric constant of the composites. The energy density and energy efficiency of the composites can be calculated from the electric displacement-electric eld (D-E) curves using the following equations:
where J discharged and J charged are the discharged and charged energy densities, respectively. Fig. 13 exhibits the calculated energy densities and energy efficiencies. It can be seen that the charged energy densities of the composites increases with the increasing of the ller content. The maximum charged energy density reaches 0.51 J cm À3 in the composites with 26.04 vol%, which is 79.6% higher than that of the pure epoxy. Both high energy density and high energy efficiency are required for practical applications because the energy losses usually result in heating and degenerating the performance of the composites. As illustrated in Fig. 13 , the energy efficiency reaches 77% in the composites with the 2.7 vol%, which is enhanced 175% compared to that of neat epoxy. From the experimental results, there is no direct relation between the ller concentration and the energy efficiency. It is necessary to obtain low leakage current for the application of dielectric materials in energy density. 53 The dielectric loss of dielectric materials is mostly attributed to the leakage current, 54, 55 especially at high electric eld. The characteristic of leakage current at the applied voltage of 1000 V is shown in Fig. 14. The leakage current slightly increases from 2.9 Â 10 À6 to 4.9 Â 10
À6
amps with the volume fraction of ller increases from 2.7 vol% to 26.04 vol%. Moreover, all of the composites exhibit low leakage current at room temperature and the largest current is 4.9 Â 10 À6 amps. It can be explained that the electrical conductivity of the composites increases with the high RGO loading, which can make more charges to form electric current under a high applied voltage. However, the breakdown strength goes down as the ller contents increases as shown in Fig. 10 . Hence, the available electric voltage to the composites in the practical application would be limited though the leakage current increases with the increase of the volume fraction of h-BN-RGO.
Conclusions
The h-BN-RGO llers were introduced into epoxy resin to improve the thermal conductivity and energy density of the composites. Owing to the unique properties, the thermal conductivity of h-BN-RGO/epoxy exceeds to that of h-BN ller-based epoxy composites. The 26.04 vol% lled h-BN-RGO/ epoxy composite exhibits the highest thermal conductivity of 3.45 W m À1 K À1 , which was as high as 16 times to that of neat epoxy. In addition, the dielectric measurement implies that the h-BN-RGO/epoxy composite exhibits better dielectric properties than that of pure epoxy matrix. Compared with the epoxy, the h-BN-RGO/epoxy composites exhibit higher dielectric constant, suppressed dielectric loss, higher charged energy density and improved energy efficiency. The prepared epoxy composites exhibit both outstanding thermal conductivity and enhanced energy storage performance, which leads to good application prospects in the eld of thermal management and electrical applications. 
